cDNA microarrays were used to characterize senescence-associated gene expression in petals of cut carnation (Dianthus caryophyllus) flowers, sampled from anthesis to the first senescence symptoms. The population of PCR fragments spotted on these microarrays was enriched for flower-specific and senescence-specific genes, using subtractive hybridization. About 90% of the transcripts showed a large increase in quantity, approximately 25% transiently, and about 65% throughout the 7 d experiment. Treatment with silver thiosulphate (STS), which blocks the ethylene receptor and prevented the normal senescence symptoms, prevented the up-regulation of almost all of these genes. Sucrose treatment also considerably delayed visible senescence. Its effect on gene expression was very similar to that of STS, suggesting that soluble sugars act as a repressor of ethylene signal transduction. Two fragments that encoded a carnation EIN3-like (EIL) protein were isolated, some of which are key transcription factors that control ethylene response genes. One of these (Dc-EIL3) was upregulated during senescence. Its up-regulation was delayed by STS and prevented by sucrose. Sucrose, therefore, seems to repress ethylene signalling, in part, by preventing up-regulation of Dc-EIL3. Some other transcription factors displayed an early increase in transcript abundance: a MYB-like DNA binding protein, a MYC protein, a MADS-box factor, and a zinc finger protein. Genes suggesting a role in senescence of hormones other than ethylene encoded an Aux/IAA protein, which regulate transcription of auxin-induced genes, and a cytokinin oxidase/dehydrogenase, which degrades cytokinin. Taken together, the results suggest a master switch during senescence, controlling the co-ordinated up-regulation of numerous ethylene response genes. Dc-EIL3 might be (part of) this master switch.
Introduction
Senescence of leaves and petals is a highly regulated process that includes extensive breakdown of carbohydrates, proteins, lipids, and nucleic acids, prior to cellular death. In some species, such as carnation, flower senescence is regulated by endogenous ethylene. Carnation, therefore, often serves as a model for ethylene-sensitive flower senescence.
An autocatalytic rise in ethylene production precedes the senescence symptoms in carnation flowers. It is associated with increased transcription of genes encoding enzymes involved in ethylene biosynthesis, such as ACC synthase and ACC oxidase . Genes that were up-regulated at about the same time included a cysteine protease (Jones et al., 1995) , a glutathione S-transferase, (SR8; Meyer et al., 1991) , a S-adenosylmethionine (SAM) synthase , a putative b-glucosidase (SR5; Woodson, 1994) , and a b-galactosidase (SR12; Raghothama et al., 1991) . The expression of several of these genes was also induced after application of exogenous ethylene, supporting the view that their up-regulation during senescence is regulated by ethylene.
The initiation of autocatalytic ethylene production and the associated increase in gene expression might be the result of an increase in the sensitivity of flowers to its continuous low endogenous ethylene levels (Woodson and Lawton, 1988) . If so, it is unclear how this increase in sensitivity comes about. It might be due to a decrease in cytokinin levels or to a decrease in soluble carbohydrate levels (van Doorn, 2004) .
Some treatments are known to postpone or hasten the initiation of visible senescence in carnation flowers. Exposure to exogenous ethylene hastens senescence, whereas exposure to inhibitors of ethylene responses such as silver thiosulphate (STS) prevents the normal senescence symptoms. Sugar-treatment also markedly delayed visible senescence, associated with a delay in the rise of ethylene production. Exogenous ethylene had less effect in flowers that had been treated with sugars (Nichols, 1973; Mayak and Dilley, 1976) , but the underlying molecular mechanism has remained elusive.
Several ethylene receptors are now known, and part of the ethylene signalling pathway has become elucidated. Downstream of the signalling pathway are EIN3 or EIN3-like (EIL) proteins, key transcription factors. In the absence of adequate ethylene levels these proteins become degraded by the 26S proteasome. In the presence of adequate ethylene, proteasome degradation is inhibited. EIN3 or EIL then reach adequate levels and attach to promoters, thereby allowing the expression of ethylene response genes (Guo and Ecker, 2004; Bischopp et al., 2006) . In Arabidopsis, glucose was shown to decrease ethylene signalling by enhancing the proteasome-mediated degradation of EIN3 (Yanagisawa et al., 2003) . In addition, glucose was found to down-regulate the expression of Arabidopsis EIN3 and EIL1 (Price et al., 2004) . Three EIN3-like proteins have been identified in carnation petals (Iordachescu and Verlinden, 2005) .
It was hypothesized that sucrose, known to delay the time to senescence in carnation petals, regulates the expression of a set of genes similar to those that are affected during senescence. To test this hypothesis, cDNA microarrays consisting of over 2000 cDNA transcripts derived from carnation petal tissue were made. In order to enrich for flower-specific and senescence-specific cDNAs, a subtraction was performed using tissue of the stem just beneath the flower head. The microarrays were used to analyse expression profiles during senescence of untreated, ethylenetreated, STS-treated, and sucrose-treated flowers. The results demonstrate up-regulation of a large number of genes during carnation petal senescence. Ethylene treatment advanced, and STS repressed the up-regulation of most of these genes. Similarly, sucrose treatment repressed the up-regulation of most of these genes, suggesting that sucrose might act as a repressor of ethylene action.
Materials and methods

Plant material
Greenhouse-grown carnation flowers (Dianthus caryophyllus L. cv. Dover) were obtained from a local commercial grower. Flowers were harvested at the commercial harvesting stage (paintbrush stage). Flowers were placed in water directly after harvest and transported to the laboratory in water. In the laboratory, stems were recut to 50 cm length and flowers were placed in vases containing tap water.
Experiments were carried out in a climate-controlled room at 20°C and 60% relative humidity, 15 lmol m À2 s À1 white light from fluorescent tubes for 12 h d
À1
, and 12 h darkness. Two discontinuous treatments started the first night after arrival of the flowers. Ethylene was applied at 200 nl l À1 for 18 h in closed 70 l stainless steel containers, the flowers remaining in water at all times. Silver thiosulphate (STS) was applied at 0.2 mM for 18 h. Flowers were subsequently placed in water. The sucrose treatment was continuous. Sucrose was applied in vase water at 25 g l
, together with the antimicrobial compound sodium dichloroisocyanuric acid (DICA) at 150 mg l À1 . Petal tissue was sampled at intervals, always between 14.00 h and 16.00 h, immediately frozen in liquid nitrogen, homogenized to a fine powder and stored at -80°C until further use. The time to visible senescence was determined in a parallel experiment using 10 flowers per treatment, all placed individually in vases. These flowers were examined once daily and were considered wilted when the petals had visibly lost turgor.
cDNA library construction, sequencing, BLAST analysis, and contig analysis All molecular methods were the same as described previously by van Doorn et al. (2003) . Total RNA was isolated according to Chang et al. (1993) . 75 lg of RNA was used to isolate mRNA, using the Dynabeads mRNA Purification Kit (Dynal). After mRNA isolation, equal amounts from each developmental stage were combined. In order to enrich for flower-specific and senescence-specific cDNAs, a subtraction was performed using stem tissue (located just under the flower head) and the Clontech PCR-Select cDNA Subtraction Kit (with stem tissue as the driver), according to the manufacturer's instructions. The pGEM-T Easy Vector System (Promega) was used to construct a cDNA library from the resulting transcripts.
DNA sequencing was performed by Baseclear (Leiden, The Netherlands). DNA sequence homology searches were performed using the BLASTX algorithm (Altschul et al., 1997) against the nr (non-redundant) peptide sequence database (January 2006); hits with an E-value >1310
À8 were categorized as 'no homology'. The Blastclust program was used to assemble transcripts to clusters (contigs) based on their (partial) nucleotide sequence. Contigs are formed by single-linkage clustering based on pairwise matches found using the Mega BLAST algorithm. Settings used: more than 95% identity (-S 95) and 0.5 length covering (-L 0.5) in one sequence of a pair (-b F).
Microarray preparation 2224 carnation DNA transcripts for arraying were obtained by PCR amplification on isolated plasmid DNA or directly on lysed bacteria. Plasmids were prepared from independent colonies of the plated cDNA library using Qiaprep Turbo miniprep kits (Qiagen). M13 2874 Hoeberichts et al. universal and M13 reverse primers (Eurogentec) were used to amplify the insert in a 50 ll PCR reaction, containing 40 pmol of each primer, 13 PCR buffer (AP Biotech), 0.2 mM dNTPs, 1 unit Taq polymerase (AP Biotech), and either 10 ng template DNA or 10 ll of a 320 diluted overnight culture. Following a denaturation step at 94°C for 30 s, 34 cycles were performed (10 s at 94°C, 20 s at 55°C, and 40 s at 72°C). The amplification products were then purified using Qiaquick PCR purification kits (Qiagen) using 100 ll 1 mM TRIS (pH 8.0) as elution buffer. Eluates were dried to completion in a flow cabinet and dissolved in 10 ll 53 SSC, giving a final DNA concentration of 0.5-1.0 lg ll À1 . In addition, PCR transcripts derived from the following sources were included on the microarray: (i) three non-plant genes as negative controls, used for the estimation of background signal: yeast aspartate kinase (Genbank accession number J03526), imidazoleglycerolphosphate dehydratase (accession number Z75110), phosphoribosylaminoimidazole carboxylase (Z75036) (in 8-fold); (ii) the complete coding sequence of the firefly luciferase gene (in 24-fold), and three partial luciferase transcripts encompassing the 5#-, middle-and 3#-part of the gene (in 8-fold). As the samples were spiked with luciferase mRNA prior to labelling this allowed for correction of the expression ratios for channel-specific effects. The partial luciferase transcripts were also used to monitor the integrity of the labelled sample cDNA.
Microarrays were spotted on GAPS amino silane-coated glass slides (Corning) using a PixSys 7500 arrayer (Cartesian Technologies) equipped with Chipmaker 3 quill pins (Telechem). Spotting volumes were about 0.5 nl resulting in a spot diameter of 120 lm with a pitch of 160 lm. Each transcript was spotted in duplicate 7.12 mm apart resulting in a total spotted area of 13.5312.24 mm. After spotting, the slides were rehydrated by holding them over a bath of hot water (;70°C), snap-dried on a 95-100°C hot plate (5-10 s) and the DNA cross-linked using a UV cross-linker (150 mJ). The slides were soaked twice in 0.2% SDS for 2 min, twice in water for 2 min, and then transferred to boiling water for 2 min to allow DNA denaturation. After thorough drying (5 min), the slides were rinsed three times in 0.2% SDS for 1 min, once in water for 1 min, submerged in boiling water (2 s), and dried.
Sample preparation and labelling mRNA was purified from RNA samples using oligo(dT) columns (AP Biotech). 2.5 lg of poly(A + ) RNA was spiked with 1.0 ng of in vitro synthesized luciferase mRNA (Promega) and reverse transcribed in the presence of 5-(3-aminoallyl)-2#-dUTP (Sigma A0410) using 2 lg oligo(dT) 21 as a primer. A 25 ll reaction containing, in addition to the oligo(dT)-annealed RNA template, 1 ll first strand buffer (Life Technologies), 10 mM DTT, 15 U ribonuclease inhibitor (Life Technologies), 0.5 mM dATP, 0.5 mM dCTP, 0.5 mM dGTP, 0.3 mM dTTP, 0.2 mM aminoallyl-dUTP, and 150 U Superscript II RNase H-reverse transcriptase (Life Technologies) was incubated at 37°C for 2 h. Nucleic acids were then ethanol-precipitated at room temperature and dissolved in 10 ll TE (10 mM TRIS-HCl, 1 mM EDTA, pH 8.0). Next, cDNA/ mRNA hybrids were denatured (3 min at 98°C) and chilled on ice. RNA was degraded by adding 2.5 ll 1 M NaOH and incubating 10 min at 37°C. After adding 2.5 ll 1 M HEPES (pH 6.8) and 2.0 ll 1 M HCl, the cDNA was recovered by ethanol precipitation and resuspended in 10 ll 0.1 M sodium carbonate buffer (pH 9.3).
The modified cDNA was coupled to a fluorescent dye, either Cyanine 3 (Cy3) or Cyanine 5 (Cy5), using reactive Cy3-or Cy5-NHS-esters (AP Biotech). To this end 10 ll of 10 mM dye (in DMSO) was added to 10 ll of the cDNA sample and incubated at room temperature for 30 min. Finally, the labelled cDNA was ethanol precipitated twice and dissolved in 5 ll water.
Microarray hybridization
Following prehybridization at 42°C for 2 h in a few ml of hybridization buffer (50% formamide, 53 Denhardt's reagent, 53 SSC, 0.2% SDS, 0.1 mg ml À1 denatured fish DNA), slides were rinsed in water and in isopropanol and then dried by centrifugation (1 min, 470 g). For a dual hybridization, 100 ll of hybridization mixture, containing both (Cy3-and Cy5-labelled) samples at a concentration corresponding to 8 ng (Cy3) or 2 ng (Cy5) of the initial mRNA per ll mixture, was used in order to obtain a comparable hybridization signal. A common reference sample was composed of all RNA samples under study. Prior to use, the hybridization mixture was heated at 95°C (1 min), cooled on ice and spun down to remove any debris. Hybridizations were performed overnight at 42°C using a Geneframe (15316 mm, 65 ll volume; ABgene AB-0577) in a hybridization chamber. After hybridization, slides were washed at room temperature in 13 SSC, 0.1% SDS (5 min) followed by 0.13 SSC, 0.1% SDS (5 min) and rinsed briefly in 0.13 SSC before drying by centrifugation (1 min, 470 g).
To monitor gene expression patterns during senescence, a Cy5-labelled cDNA population was prepared from 0, 2, 4, and 7-d-old petal tissue (d0, d2, d4, and d7); from 2-d-old and 4-d-old ethylenetreated petal tissue (d2 ET and d4 ET); from 4, 7, and 10-d-old STS-treated tissue (d4 ST, d7 ST, and d10 ST); and from 4, 7, and 10-d-old sucrose-treated tissue (d4 SU, d7 SU, and d10 SU). For each hybridization, a single Cy3-labelled cDNA population prepared from pooled RNA samples was used as a reference.
Fragments from known carnation petal senescence-associated genes were included as controls: 1-aminocyclopropane-1-carboxylic acid oxidase (ACO1¼CARAO1; ten Have and Woltering, 1997), 1-aminocyclopropane-1-carboxylic acid synthase (ACS1¼CARACC3; Park et al., 1992) , ACS2 (¼CARAS1; Henskens et al., 1994) , SR5 (Woodson, 1994) , SR8 (Meyer et al., 1991) , SR12 (Raghothama et al., 1991) , and S-adenosylmethionine (SAM) synthetase .
A total of 2224 randomly selected (subtracted) PCR-amplified carnation cDNA fragments were spotted twice onto each glass slide. The population of fragments used had been enriched for flowerspecific cDNAs by subtractive hybridization using stem tissue as the driver. After background subtraction, normalization, and evaluating the quality of the duplicates, the results from 1664 fragments (spotted in duplicate) remained available for further analysis. Only gene expression data resulting from the first experiment (first batch of flowers) are described here.
Data collection and normalization
Slides were scanned using a ScanArray 3000 (Packard BioScience) at 75% laser power and 75% attenuation at a resolution of 10 lm. The resulting Cy3 and Cy5 images were stored as TIFF-files. Total pixel intensities within a fixed area (circle diameter, 12 pixels) were obtained for each spot, using ArrayVision image analysis software (Imaging Research). For each hybridization experiment, average background values, calculated from the hybridization signals of the non-plant transcripts (negative controls), were subtracted to correct for non-specific fluorescence. Elements showing poor raw signals, that is not reaching 1.53 background, were filtered out. Normalization of the two samples in each hybridization was done using the mean hybridization signal of the full-length luciferase transcripts, resulting from the spiked luciferase mRNA. Finally, the expression ratios (R), that is, the expression in the sample under study compared with the reference sample, were calculated for each transcript. The reference sample consisted of a mixture of all RNA samples under study and was the same for every hybridization, allowing for direct comparison of all hybridization experiments. Expression ratios were calculated separately for the duplicates (R1, R2) and the average of both values was used for further analysis unless duplicates Gene expression in senescing carnation petals 2875 were poor (|2log(R1/R2)| >1), in which case the data were omitted. Next, the data of all experiments were combined and transcripts were omitted from further analysis when values were missing for four or more hybridizations out of the 12 of one set of experiments, or if values were missing from the time series of the same set (d0, d2, d4, and d7). This left a set of 1664 transcripts for further analysis. Hierarchical clustering was carried out on log-transformed data using GeneMaths software (Applied Maths, version 2.0), using Pearson correlation as a similarity measure.
Northern blotting and real-time PCR 13 lg of total RNA was used to make northern blots, according to standard procedure. Digoxigenin-labelled probes, consisting of the complete cloned cDNA fragment, were generated by PCR (PCR DIG Labeling Mix, Roche Diagnostics). Hybridizations were carried out under high-stringency conditions with ULTRAhyb solution (Ambion). Detection was done using CDP-Star (Ambion, Roche), following the manufacturer's instructions. For real-time PCR, cDNA-synthesis using Superscript reverse transcriptase (Gibco) was performed with 2 lg of total RNA and 1 ll Oligo (dT) (500 ng ll À1 , Sigma). Amplification reactions, using the qPCR Core Kit for Sybr Green I (Eurogentec), contained 1 ll of (63 diluted) cDNA template and 10 pmol of each specific primer in a final volume of 40 ll. All qPCR reactions were performed in duplicate, using 0.5 ll 20003 diluted Sybr Green I solution (Molecular Probes). The amplification profile was 5 s at 95°C, 20 s at 59°C, and 40 s at 72°C. PCR products were detected by monitoring the rise in fluorescence caused by Sybr Green I using the iCycler system (BIORAD).
Results
Time to visible senescence 
Microarray quality control
A total number of 2224 randomly selected PCR-amplified carnation cDNA fragments were spotted twice onto each microarray. After background subtraction, normalization, and evaluating the quality of the duplicates, the results from 1664 transcripts remained available for further analysis.
Seven cDNA fragments from known carnation petal senescence-associated genes had been included as controls. These controls all showed relative signal levels very similar to previously published data ( Fig. 2A) . Sequence analysis (see below) additionally revealed five ACO1/ CARAO1 (encoding an ACC oxidase) and seven SR12-derived transcripts, all displaying the expected expression ratios.
Microarray results for two selected transcripts were confirmed by northern blotting (Fig. 2B) , and for three transcripts by real-time RT-PCR (Fig. 2C ). An additional (biological) control was added by hybridizing a set of microarrays with labelled cDNA derived from a second independent experiment with a new batch of flowers. In these flowers, relative transcript levels during senescence were very similar to the results presented here. Only data resulting from the first experiment are further described here.
Expression of genes related to ethylene synthesis
Genes involved in ethylene synthesis can be used as markers for the expression of the transcripts here identified (Fig. 2) . SAM synthetase is involved in the production of S-adenosylmethionine (SAM), the direct precursor of 1-aminocyclopropane-1-carboxylic acid (ACC). A transcript encoding SAM-synthetase increased sharply in abundance from day 0 to day 4, then decreased. One of the isolated ACC synthetase genes (ACS1) showed an exponential rise in transcript level, starting on day 0. It had apparently not yet reached its maximum on day 7. Ethylene treatment increased the transcript abundance of ACS1, whereas STS or sucrose treatment delayed or prevented this ( Fig. 2A) . This is similar to the effects of the treatments on the transcript abundance of the isolated ACC oxidase gene. This gene showed an exponential increase in transcript levels, from day 2 (Line figure in Fig. 2A ).
Hierarchical clustering based on gene expression in untreated controls
Transcripts (in duplicate) of the non-treated controls were clustered on the basis of their expression patterns during ; 18 h), silver thiosulphate (STS; 0.2 mM; 18 h), dichloroisocyanuric acid (DICA; 150 mg l À1 ; continuously), and sucrose plus DICA (25 g l À1 and 150 mg l À1 , respectively; also continuously). For each treatment, ten flowers were harvested at the paintbrush stage (day 0) and scored for visible wilting every following day.
2876 Hoeberichts et al. ; ACS2¼CARAS1 (Henskens et al., 1994) ; SR5 (Woodson, 1994) ; SR8 (Meyer et al., 1991) ; SR12 (Raghothama et al., 1991) ; SAM synthetase . The line graph shows the expression of ACO1, a transcript encoding an ACC oxidase, previously described as CARAO1 (ten Have and Woltering, 1997). Treatments: controls (filled circles), ethylene (filled squares), STS (filled triangles), and sucrose (filled diamonds). (B) Verification of microarray results by northern analysis. Profiles of ethidium bromide-stained ribosomal RNA are included as a control for equal loading. Below each blot the corresponding microarray results are given. Dc089 encodes a putative expansin; Dc 042 a bark storage protein. (C) Verification of microarray results by real-time RT-PCR. The graphs show both the relative expression levels as obtained by real-time PCR analysis (grey bars), and the corresponding microarray data (black lines). Dc036 encodes a putative CIPK6 (CBL-interacting protein kinase), Dc087 has no homology with known sequences, and Dc089 encodes a putative expansin (same as in Fig. 2B ).
Gene expression in senescing carnation petals 2877 the period of study (Fig. 3) . The expression patterns after treatments with ethylene, STS, or sucrose are also shown in Fig. 3 . The hierarchical clustering of these transcripts was the same as the one of the non-treated controls. Based on the sequence analysis results (see below), redundancy among the transcripts was estimated to be 35%. Transcripts that shared at least 50 bp overlap with more than 95% identity were defined as belonging to the same contig.
In untreated flowers, only a relatively small number (approximately 4%) of the transcripts showed mRNA levels that became less abundant during senescence. A relatively small cluster (approximately 25% of all transcripts) displayed a transient and relatively small increase in mRNA abundance with a maximum at day 4. The largest cluster (around 65% of all spotted transcripts) showed a large increase in abundance throughout the 7 d of the experiment (Fig. 3) . The expression pattern of most of the genes in this cluster resembled that of ACC oxidase, showing a large, exponential-like increase shortly prior to day 7.
Sequence analysis 268 transcripts were manually selected for sequence analysis, based on their expression pattern (both profile and amplitude). The summarized results from the BLASTX analysis are depicted in Table 1. Supplementary Table 1 contains additional information such as E-values, the percentage of amino acid identity, numerical expression data from our microarray analysis, and relevant references (see Supplementary Table 1 at JXB online).
Several sequenced transcripts displayed homology to genes classified as (putative) transcription factors. Transcription factors included a NAC domain protein, a MADSbox factor, EIN3-like proteins, a MYB-like protein, a MYC protein, and Aux/IAA proteins. Putative signal transduction factors included a protein phosphatase 2C and a CBLinteracting protein kinase (CIPK) 6. The relative expression values of these transcripts are depicted in Fig. 4 .
Effects of ethylene, silver thiosulphate, and sugar
Compared with untreated flowers, the shifts in gene expression profiles observed after the various treatments were reminiscent of an earlier (sucrose and STS) or later (ethylene) developmental stage (Fig. 3) .
Treatment with ethylene resulted in accelerated increases in transcript abundance of approximately 50% of all spotted transcripts belonging to the largest cluster. By contrast, the transcripts in the second largest cluster were not observed to show increased mRNA abundance following ethylene treatment.
Treatment with STS (an inhibitor of ethylene action) prevented or strongly delayed almost all of the changes in transcript abundance observed in the untreated control flowers (Fig. 3) . Treatment with sucrose also prevented or delayed many changes in transcript abundance, very similar to STS (Fig. 3) . Figure 4A shows the expression data of some genes putatively involved in transcriptional regulation or in signal transduction. The expression patterns of two genes Gene expression in senescing carnation petals 2879 putatively involved in signal transduction are shown in Fig. 4B . These genes encoded a putative cytokinin oxidase and a putative CBL-interacting protein kinase (CIPK). The increase in expression levels were rather well correlated with the time to senescence, whereby ethylene advanced the increase in expression, and STS or sucrose delayed or prevented the increase in expression. Note the similarity with the expression profile of ACO1, the ACC oxidase gene used as a control (Fig. 2A) .
Discussion
Custom-made cDNA microarrays were used for transcript profiling during carnation petal senescence. The population of PCR fragments spotted on these microarrays was enriched for flower-specific cDNAs, using subtractive hybridization, a technique that allows for the isolation of differentially expressed cDNAs without a prior knowledge of their sequence. Approximately 94% of the fragments on the array displayed signal ratios that reflected changes in mRNA abundance, suggesting a strong effect of the subtraction procedure. Apparently, the use of (nonsenescent) stem tissue as the 'driver' resulted in a microarray that was strongly enriched with petal-specific and senescence-specific transcripts A few genes showed high expression at the first sampling point. Among these was a NAC-domain protein, which in control flowers became 8-fold down-regulated by day 2 of the experiment. NAC domain proteins belong to a large, plant-specific family of transcription factors. These have been implicated in a wide range of processes, including tolerance to biotic and abiotic stress, and programmed cell death in xylem tracheids and vessels (Kubo et al., 2005 ). An Arabidopsis NAC gene was expressed in leaves that were already senescent. Dark-induced leaf senescence in Arabidopsis was delayed when the gene was knocked out (Guo and Gan, 2006) . The transcript abundance of numerous genes increased during petal senescence. Up-regulation in one group of genes (the second largest cluster) was relatively low and occurred prior to day 4, after which down-regulation took place. In another group (the largest gene cluster) gene expression increased continuously, between day 0 and day 7, often with a large increase between days 4 and 7. After treatment with ethylene, about 50% of the genes in the largest cluster were up-regulated. Up-regulation in the largest cluster and the second largest cluster was prevented after STS treatment, showing that all genes in these two clusters were regulated by endogenous ethylene.
Early changes in transcription factors other than EIL
Transcripts encoding (putative) transcription factors that were up-regulated from day 0 included a putative MYBlike DNA binding protein, a zinc finger transcription Gene expression in senescing carnation petals 2881 factor, and a MYC-type DNA binding protein. The possible function of these genes in the regulation of senescence is as yet unclear. Another gene showing upregulation from day 0 shared significant sequence similarity with genes encoding MADS-box proteins. Several MADS box transcriptions factors were down-regulated prior to cell death in barley seed endosperm (Sreenivasulu et al., 2006) . In tomato, one such MADS-box factor (RIN) is critical to developmental control of fruit ripening (Vrebalov et al., 2002) . The translated carnation fragment shared 34% identity with tomato RIN, but shared higher identity (55%) with the Arabidopsis PISTILLATA protein. Previously, a putative MADS-box gene related to Iris petal senescence was identified (van Doorn et al., 2003) that shared 51% identity with tomato RIN. The function of the MADS-box proteins in senescence is not known.
EIL genes
As described in the Introduction, EIN3-like (EIL) genes are pivotal in ethylene signalling. Three transcripts resembling EIL genes were identified. Two of these were part of Dc-EIL1 (Waki et al., 2001) , whereas one represented Dc-EIL3 (Iordachescu and Verlinden, 2005) . In the present tests, Dc-EIL1 was not much affected by any treatment. By contrast, a large increase in the expression of Dc-EIL3 was observed between day 4 and day 7 in senescent carnation petals. Most of the increase was hastened after ethylene treatment. This confirms the data of ). Hatched cells indicate missing values. 'Same contig as above' refers to a transcript that is part of the same contig as the transcript mentioned in the previous line. (B) Relative expression levels of some genes in untreated control flowers (filled circles), and after treatment with ethylene (filled squares), STS (filled triangles), or sucrose (filled diamonds). Line graphs are Dc463 which encodes a protein homologous to a cytokinin oxidase (CKX), and Dc036 which encodes a protein homologous to a CBL-interacting protein kinase (CIPK). Iordachescu and Verlinden (2005) . The increase was delayed after STS treatment, showing that endogenous ethylene is involved.
The gene expression data do not contradict the idea of a master switch during senescence, controlling the coordinated up-regulation of numerous ethylene-responsive genes. Dc-EIL3 might be (part of) this master switch.
Furthermore, the up-regulation of EIL was related to the up-regulation of the genes that result in ethylene synthesis (ACC synthase and ACC oxidase), both during senescence and after ethylene treatment (Fig. 2) . As mentioned in the Introduction, ethylene treatment does not change the pattern of the autocatalytic rise in ethylene production, but advances it. The increase in EIL protein, induced by ethylene, might therefore explain, wholly or partially, the autocatalytic character of the senescence-associated ethylene production in carnation petals.
Hormones other than ethylene; proteasome degradation
Transcripts suggesting a role in senescence of hormones other than ethylene encoded Aux/IAA proteins, which are transcriptional repressors with a key function in regulating auxin-responsive genes (Bishopp et al., 2006) , and a cytokinin oxidase/dehydrogenase, which degrades cytokinin (Taverner et al., 2000) .
An F-box protein was up-regulated between day 0 and 2. The Arabidopsis genome contains about 700 F-box genes that function in targeting specific proteins for ubiquitindependent 26S proteasome-mediated protein degradation (Vierstra, 2003) . One such F-box protein, ORE9, was shown to be required for the initiation of leaf senescence in Arabidopsis (Woo et al., 2001) . Several other transcripts, all induced during carnation petal senescence, were homologous to genes encoding various other components of the 26S proteasome machinery, including RPT6, RPN2, a RING finger protein and a U-box containing protein.
All were up-regulated between day 0 and day 2. The data support a role for 26S proteasome-mediated protein degradation during floral senescence.
Effect of sucrose
Sucrose treatment delayed the time to visible senescence. It is also known to delay the large rise in ethylene production. The effect of sucrose on gene expression, with the exception of a few genes, was identical to that of STS. The delay of visible senescence, after sucrose treatment, is therefore associated with preventing the up-regulation of numerous genes. Since these genes are shown to be regulated by ethylene, the data indicate that sucrose regulates ethylene signalling.
Sucrose treatment prevented the increase in transcript abundance of Dc-EIL3. It is tempting to speculate that endogenous levels of soluble sugars act as a regulator of flower senescence by influencing Dc-EIL3 gene expression. In addition, sucrose might promote EIL degradation in proteasomes, as observed in Arabidopsis (Yanagisawa et al., 2003) . Sucrose loading of a cell might thus prevent the accumulation of one or more EIL proteins, because it promotes EIL degradation in proteasomes. The low level of EIL might then prevent the up-regulation of numerous genes, including the gene(s) encoding EIL.
Genes associated with remobilization
Breakdown of macromolecules into mobile compound is important in plant senescence (Buchanan-Wollaston et al., 2003) . Numerous identified transcripts may be involved in the degradation of proteins, lipids, or carbohydrates, including complex cell wall carbohydrates.
One transcript was identical to a previously described ethylene-regulated cysteine protease in carnation petals that is believed to play a role in protein remobilization (Jones et al., 1995) and three more (up-regulated) transcripts most likely represented carnation cysteine protease genes. One of these cysteine protease transcripts displayed homology to a tobacco vacuolar processing enzyme (VPE), a caspase-like protein that has been associated with senescence and virusinduced hypersensitive cell death (Hatsugai et al., 2006) .
A rather large number of transcripts might be associated with cell wall degradation. The most abundant transcript in our experiments (17 sequenced transcripts) was strongly homologous to an A. thaliana b-xylosidase gene. These transcripts were strongly up-regulated during carnation petal senescence. b-xylosidases have been implicated in senescence-related cell wall metabolism (Goujon et al., 2003) . Eleven other putative b-xylosidase transcripts (three contigs) displayed a similar expression pattern. All these transcripts seem to be part of the carnation SR5 gene (EJ Woltering, unpublished results). SR5 has been previously described to encode a putative b-glucosidase (Woodson, 1994) , but its sequence was never submitted to a public database. The present data thus indicate that SR5 rather encodes a putative b-xylosidase. Two transcripts are highly homologous to expansin encoding genes, involved in cell wall loosening during growth or disassembly (Cosgrove, 2000) .
Genes associated with defence
Several transcripts, all up-regulated during senescence, might be associated with plant defence. These transcripts encoded enzymes putatively involved in isoprenoid biosynthesis, or encoded HSR201 (a putative alcohol acetyl transferase induced during the hypersensitive response to pathogen attack; Czernic et al., 1996) , a thaumatin/PR5-like protein, a lipid-transfer-like protein, Avr9/Cf-9 rapidly elicited protein 146, salicylic acid-binding protein 2 (SABP2), and a polygalacturonase inhibitor-like leucine rich repeat (LRR) protein. It has previously been found that senescence of Iris petals was also accompanied by the induction of a considerable number of putative defence-related genes (van Doorn , 2003) . Up-regulation of defence-related genes may, therefore, be characteristic for flower senescence, as is the case for leaf senescence (Bhalerao et al., 2003) .
Conclusions
Carnation petal senescence was associated with an increase in the expression of numerous genes. Several of the genes up-regulated at this time were putatively involved in the degradation of lipids, proteins, nucleic acids, and cell wall components. STS prevented the up-regulation of most of the senescence-associated genes, showing that their expression is regulated by endogenous ethylene. Sucrose treatment also strongly delayed the senescence-associated changes in gene expression. Sucrose treatment of cut carnation flowers resulted in the maintenance of otherwise decreasing levels of glucose, fructose, and sucrose in the petals (Nichols, 1975) . It is therefore proposed that soluble sugars in the carnation petal cells act as a repressor of senescence at the transcriptional level.
EIL genes have been suggested to be important regulators in the ethylene signal transduction pathway. It was observed that the senescence-associated increase in Dc-EIL3 expression was delayed by STS and prevented by sucrose treatment. Sucrose, therefore, might negatively affect ethylene signalling, in part, by preventing the senescence-associated increase in EIL3 expression.
Apart from a possible role of EIL genes, it is not clear what regulates the changes in senescence-associated (and ethylene-inducible) gene expression. Several (putative) transcription factors were found that were down-regulated or up-regulated early during senescence. Their effect on ethylene signalling and gene expression is as yet unknown.
Supplementary data
For Supplementary Table 1 see JXB online. The table details the BLASTX analysis and relative expression values of the sequenced carnation cDNA transcripts. Transcripts were divided into 13 groups based on their (putative) function. Classification was based on the hierarchical clustering depicted in Fig. 4 . The values given are 2log ratios of the expression levels relative to a common reference sample. Transcripts with E-values greater than 1310 À10 were considered to have no homology. Untreated samples: d0, d2, d4, d7; ethylene-treated sample: d2 ET, d4 ET; STS-treated samples: d4 ST, d7 ST, d10 ST; sucrose-treated samples: d4 SU, d7 SU, d10 SU; d¼day.
